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We attempted to establish a coculture model of human
dermal papilla cells (DPCs) from androgenetic alopecia
(AGA) and keratinocytes (KCs) to study the pathome-
chanism of AGA. Since expression of mRNA for the
androgen receptor (AR) decreased during subcultiva-
tion of DPCs in vitro, we transiently transfected the AR
expression vector into the DPCs and cocultured them
with KCs. In this coculture, androgen inhibited the
growth of KCs by 50%, indicating that the DPCs pro-
duce di¡usible growth suppressive factors into the med-
ium in an androgen-dependent manner. Since recently
increasing evidence has shown the importance of trans-
forming growth factor-b1 (TGF-b1) in hair growth, we
further examined the concentration of TGF-b1 in this
coculture medium after androgen treatment by ELISA
assays. The results showed that androgen treatment in-
creased the secretion of TGF-b1 into the conditioned
medium. Moreover, neutralizing anti-TGF-b1 antibody
reversed the inhibition of KC proliferation. Thus, we
suggest that androgen-inducible TGF-b1 derived from
DPCs mediates hair growth suppression in AGA.
Keywords: androgen receptor/in vitro coculture model. JID
Symposium Proceedings 8:69 ^71, 2003
A
ndrogens stimulate hair growth in some sites such as
the beard and pubic areas but inhibit growth on the
scalp in genetically disposed individuals (Ebiling,
1986). In human androgenetic alopecia (AGA), post-
pubertal elevation of testosterone causes irreversible
regression of hair follicles, whereas prepubertal castration pre-
vents AGA (Hamilton, 1942).With respect to the mechanism of
hair growth regulation by androgen, beard, axillary and frontal
scalp dermal papilla cells (DPCs) were recently shown to possess
the characteristics of androgen target cells (Itami et al, 1990, 1991,
1993, 1995a; Chodry et al, 1992; Randall et al, 1992).While the an-
drogen receptor (AR) is expressed in beard, axillary, and frontal
scalp DPCs, follicular epithelial cells do not have the characteris-
tics of androgen target cells (Chodry et al, 1992; Itami et al, 1995a;
Inui et al, 2000). Thus, the primary targets of androgens in the
hair follicle are the DPCs, which mediate signals to the follicular
epithelial cells. The coculture system using follicular epithelial
cells and DPCs enabled us to investigate the e¡ects of androgen
on these cells (Itami et al, 1995b). Androgen stimulated the prolif-
eration of follicular epithelial cells cocultured with beard DPCs
by stimulating the production of insulin-like growth factor-I
(IGF-I) from DPCs (Itami et al, 1995b). Obana et al cocultured fol-
licular epithelial cells and DPCs isolated from the frontal balding
scalp of stumptailed macaques, a model animal for human AGA,
and demonstrated testosterone-induced inhibition of prolifera-
tion of epithelial cells (Obana et al, 1997). In this study, we
attempted to establish a coculture system using AR-transfected
DPCs from human AGA and KCs.
MATERIALS ANDMETHODS
Isolation and culture of human dermal papilla cells and
keratinocytes DPCs from hair follicles were isolated and cultured as
described previously (Itami et al, 1991a,b). In brief, skin specimens were
obtained at plastic surgery, and then DPCs were isolated and cultured in
Dulbecco’s Modi¢ed Eagle’s Medium (DMEM) (Nissui Phemaceutical,
Tokyo, Japan) supplemented with 10% fetal calf serum (FCS) (jrh
Biosciences, Lenexa, KS, USA), penicillin (50 units/ml), streptomycin
(50 mg/ml) at 371C, under a humidi¢ed atmosphere of 95% O2 and 5%
CO2. Normal human KCs were isolated from human skin and cultured
in MCDB 153 supplemented with insulin (5 mg/ml), hydrocortisone
(0.4 mg/ml), ethanolamine (0.1 mM), phosphoethanolamine (0.1 mM),
0.1 mM Caþ þ and bovine pituitary extract (Clonetics, San Diego, CA,
USA) (keratinocyte growth medium: KGM). Semi-quantitative RT-PCR
for ARwas performed as previously described (Ando et al, 1999).
Transfection of the AR expression vector into DPCs DPCs were
inoculated at a density of 2105 cells/well into tissue cultured multiplates
(6 wells, Corning, New York, USA) and cultured with DMEM
supplemented with 10% FCS. At subcon£uency the medium was changed
to FCS-free DMEM and the cells then transfected with 2 mg of the AR
expression vector, pSG5-AR (kindly given by Dr Chawnshang Chang,
the University of Rochester), using 6 mL of the transfection reagent
Fugene-6 (Roche Diagnostics Corp Indianapolis, IN). After three h, the
medium was changed to DMEM supplemented with 10% charcoal-
treated FCS. At 24 h after transfection, cells were harvested or combined
with the KC culture. The transfection e⁄ciency was about 50%,
estimated by green £uorescence.
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Coculture of DPCs and KCs Human KCs (5104 cells/well) were
grown in KGM in the upper compartment of Transwell culture dishes
(Costar, Cambridge, MA). One day before starting cocultures, the
medium was changed to MCDB153 without growth factors or bovine
pituitary extract. The next day, after combining the cultures of KCs and
DPCs, 109 M methyltrienolone (R1881, synthetic androgen) (Sigma, St
Louis, MO) or ethanol as a mock were added into the cultures. For
neutralizing experiment for TGF-b1, we added neutralizing anti-TGFb1
monoclonal IgG (R & D systems, Minneapolis, MN) or preimmune
mouse IgG. After incubating for four d, the number KCs or DPCs in the
each well were counted.
Measurement of TGF-b1 by ELISA After incubating cocultures of
KCs and DPCs, we harvested the conditioned medium and then
measured concentrations of active TGF-b1 with an ELISA assay kit
(Quantikine human TGF-b1 immunoassay, R & D systems, Minneapolis,
MN), according to the manufacture’s instructions.
RESULTS
No signi¢cant e¡ect of R1881 on the growth of KCs
cocultured with DPCs from bald patients First, we tried to
reproduce the growth inhibition of KCs by androgen in
cocultures of DPCs from AGA. Although the growth of KCs
was stimulated by coculture with DPCs, addition of R1881 had
no signi¢cant in£uence on the proliferation of KCs in the
cocultures (data not shown). Expression levels of some genes
may be modulated after cells are brought from vivo into cultures
in vitro. Therefore, we assumed that in vitro cultivation of DPCs
might alter the expression level of AR. By semiquantitative RT-
PCR, the expression of AR mRNA had decreased during the
subcultivation (Fig 1). Therefore, we overexpressed AR in DPCs
and performed the subsequent experiments.
E¡ect of R1881 on the growth of KCs cocultured with DPCs
from bald patients transfected with AR After DPCs from
bald frontal scalp were transiently transfected with the AR
expression vector, DPCs and KCs were cocultured for four d in
the presence of 10^9M R1881 or ethanol. Interestingly, R1881
decreased the growth of KCs by about 50% in cocultures with
bald DPC (Fig 2). In cocultures, R1881 had no signi¢cant e¡ect
on the proliferation of DPCs (data not shown). These results
suggested that this in vitro coculture of DPCs and KCs
reproduces very well the in vivo interaction between DPCs and
KCs, especially in terms of androgen e¡ects on hair growth.
Thereafter, we utilized this coculture model of DPCs from bald
patients and KCs to investigate the pathomechanism of AGA.
Secretion of TGF-b1 into the medium from cocultured of
KCs and DPCs from bald patients TGF-b1 is known to
inhibit human KC growth in vitro (Shipley et al, 1986), and the
expression level of its receptor in epithelial cells of hair follicles
is tightly regulated during the hair cycle (Paus et al, 1997).
Moreover,TGF-b1 /^ mice exhibit delayed catagen progression
(Foitzik et al, 2000) and exogenous administration of TGF-b1
hair follicles in vitro to induces catagen progression (Soma et al,
1998). Therefore, we focused on TGF-b1 as a candidate mediator
in the androgen-induced growth suppression of KCs.To examine
whether TGF-b1 production is up-regulated by androgen, we
measured the concentration of TGF-b1 in the conditioned
medium after the coculture of KCs and bald DPCs for four d
using an ELISA assay. The concentration of TGF-b1 was 69.0 or
184.7 pg/ml in the conditioned medium treated with ethanol or
109M R1881, respectively (Fig 3), showing that androgen
stimulates the production of TGF-b1 in this coculture.
Reversal by TGF-b1 neutralization of androgen-induced
growth inhibition of KCs To con¢rm the function of TGF-b1
in androgen-induced growth inhibition of KCs, we examined
the e¡ect of the neutralizing antibody against human TGF-b1
on this growth suppression in cocultures of KCS and bald
DPCs. Neutralizing anti-TGF-b1 almost completely reversed
the inhibition of proliferation of KCs by 109M R1881 in this
coculture system (Fig 4), demonstrating that TGF-b1 mediates the
signal from DPCs to KCS during growth suppression.
DISCUSSION
In this study we have established the ¢rst in vitro coculture model
for human AGA using frontal DPCs from bald patients. The
results shown here suggest that this in vitro coculture model
Figure1. Alteration of expression level of AR in bald DPCs. (A)
Bald DPCs were subcultured and their total RNA were recovered at the
indicated passages (S3: the third passage, S9: the ninth passage).
Figure 2. E¡ect of R1881 on the proliferation of KCs cocultured
with DPCs from bald frontal scalp skin of a male human, transi-
ently transfected with pSG5-AR. The cells were cultured in the pre-
sence of ethanol as a mock (lane 1) or 109 M R1881 (lane 2). The graph
shows cell numbers for KCs after coculturing for four days as a mean 7
SD of three determinations.
Figure 3. E¡ect of R1881 on concentrations of TGF-b1 in condi-
tioned media from cocultures of KCs and bald DPCs. After cocultur-
ing KCs and bald DPCs with ethanol (lane 1) or 109 M R1881 (lane 2) for
four days, we harvested the conditioned media and then measured concen-
trations of TGF-b1 by an ELISA assay. In each case, the mean 7 SD of
three experiments is shown.
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correlates well with recognized androgen e¡ects on human hair
growth.Therefore, our coculture model is an ideal tool in search-
ing for new therapeutic agents for AGA.
We previously have shown the paracrine growth stimulation
by IGF-I from beard DPCs to KCs, which is induced by andro-
gen using the coculture of beard DPCs and follicular epithelial
cells (Itami et al, 1995a and 1995b). However, in this study no sig-
ni¢cant e¡ect of androgen was observed using DPCs from bald
patients without transfection of AR expression vector (data not
shown). This unresponsiveness to androgens is in contrast with
previous reports using DPCs from stamptailed macaque (Obana
et al, 1997; Pan et al, 1999). On the other hand, the AR has been
immunohistochemically and biochemically detected in the hair
follicles of human skin (Chodry et al, 1992; Itami et al, 1995a).
Furthermore, DPCs derived from bald frontal scalps express
higher levels of AR than those from nonbalding (occipital) scalp
(Randall et al, 1992). Since we found that the expression level of
ARwas decreased during subcultutivation of DPCs, our attempt
to overexpress AR in DPCs in vitro is reasonable in recapitulating
characteristics of bald DPCs in vivo. Indeed, by overexpressing
AR in bald DPCs, we solved the discrepancy between stump-
tailed macaques and human cells in the coculture experiments
(Fig 2).
Based on this in vitro coculture model we determined that an-
drogen-inducible TGF-b1 from DPCs is a key mediator in the
formation of AGA. According to a very recent study, conditional
epidermal overexpression of TGF-b1 in adult mice inhibits reen-
try from telogen into anagen, resulting in alopecia (Liu X et al,
2001). Although we addressed here the paracrine secretion of
TGF-b1 from DPCs to KCs, not its autocrine function among
KCs, this ¢nding corresponds with our study in terms of the ex-
posure of hair follicle KCs toTGF-b1.
In conclusion, our observations suggest strongly that andro-
gen-inducible TGF-b1 derived from DPCs from bald scalp skin
is responsible for the androgen-induced growth inhibition in
AGA.
We thank Dr Chang, University of Rochester, for his kind gift of the plasmid
pSG5-AR.
REFERENCES
AndoY,Yamaguchi Y, Hamada K,Yoshikawa K, Itami S: Expression of mRNA for
androgen receptor, 5alpha-reductase and 17beta-hydroxysteroid dehydrogenase
in human dermal papilla cells. Br J Dermatol 141:840^845, 1999
Chodry R, Hodgins MB, Van Der Kwast TH, Brinkmann AO, Boersma WJA:
Localization of androgen receptors in human skin by immunochemistry:
Implications for the hormonal regulation of hair growth, sebaceous glands
and sweat glands. J Endocrinol 133:467^475, 1992
Ebiling FJG: Hair follicles and associated glands are androgen targets. J Clin Endocri-
nol Metab 15:319^339, 1986
Foitzik K, Lindner G, Mueller-Roever S, et al: Control of murine hair follicle regres-
sion (catagen) byTGF-beta1 in vivo. FASEB J 14:752^760, 2000
Hamilton JB: Male hormone stimulation is prerequisite and incitant in common
baldness. AmJ Anat 71:451^480, 1942
Inui S, Itami S, Pan HJ, Chang C: Lack of androgen transcriptional activity in hu-
man keratinocytes. J Dermatol Sci 23:87^92, 2000
Itami S, Kurata S, Sonoda S,Takayasu S: Characterization of 5a-reductase in cultured
human dermal papilla cells from beard and occipital scalp hair. J Invest Dermatol
96:57^60, 1991a
Itami S, Kurata S, SonodaT,Takayasu S: Interaction between dermal papilla cells and
follicular epitrlial cells in vitro. Br J Dermatol 132:527^532, 1995a
Itami S, Kurata S, SonodaT,Takayasu S: Mechanism of action of androgen in dermal
papilla cells. Ann NYAcad Sci 642:385^395, 1991b
Itami S, Kurata S,Takayasu S: 5a-Reductase activity in cultured human dermal papil-
la cells from beard compared with reticurar dermal ¢broblasts. J Invest Dermatol
94:150^152, 1990
Itami S, Kurata S,Takayasu S: Androgen induction of follicular epithelial cell growth
factor is mediated via insulin-like growth factor-I from dermal papilla cells.
Biochem Biophys Res Com 212:988^994, 1995b
Liu X, Alexander V, Vijayachandra K, Bhogte E, Diamond I, Glick A: Conditional
epidermal expression of TGF beta 1 blocks neonatal lethality but causes a re-
versible hyperplasia and alopecia. Proc Natl Acad Sci USA 98:9139^9144, 2001
Obana N, Chang C, Uno N: Inhibition of hair growth by testosterone in the pre-
sence of dermal papilla cells from the frontal bald scalp of the postpubertal
stumptailed macaque. Endocrinology 138:356^361, 1997
Pan HJ, Uno H, Inui S, Fulmer NO, Chang C: Roles of testosterone in the growth
of keratinocytes through bald frontal dermal papilla cells. Endocrine 11:321^317,
1999
Paus R, Foitzik K, Welker P, Bultone-Paus S, Eichmuller S: Transforming growth
factor-beta receptor type I and Type II expression during murine hair follicle
development and cycling. J Invest Dermatol 109:518^526, 1997
RandallVA,Thornton MJ, Messenger AG: Cultured dermal papilla cells from andro-
gen-dependent human hair follicles (e.g. beard) contain more androgen recep-
tors than those from non-balding area of the scalp. J Endocrinol 133:141^147, 1992
Shipley GD, Pittelkow MR,Wille JJ, Scott RE, Moses HL: Reversible inhibition of
normal human prokeratinocyte proliferation by type b transforming growth
factor-growth inhibitor in serum-free medium. Cancer Res 46:2068^2071, 1986
SomaT, Ogo M, Suzuki J,Takahashi T, HibinoT: Analysis of apoptotic cell death in
human hair follicles in vivo and in vitro. J Invest Dermatol 111:948^954, 1998
Figure 4. In£uence of the neutralizing antibody against TGF-b1 on
the androgen-induced growth inhibition of KCs cocultured with
bald DPCs.While coculturing KCs and bald DPCs with ethanol (lane 1)
or 109 M R1881 (lanes 2, 3) treatment for four days, we incubated the cells
together with preimmune mouse IgG (lanes 1 and 2) or anti-TGF-b1 anti-
body at a concentration of 5.0 (lane 3) mg/ml. The graph shows the cell
numbers for KCs after coculturing for four days as the mean 7 SD of
three experiments.
TGF-b1 IN ANDROGENETIC ALOPECIA 71VOL. 8, NO. 1 JUNE 2003
